Climate data recorded by national meteorological agencies is either incomplete or faulty for some periods due to a number of reasons. Multi-functional utilization of climate data in complete form necessitates the filling of these gaps. In this study an inverse distance weighting (IDW) method was used to estimate rainfall utilizing neighbouring station data in the Free State Province of South Africa. Six weather stations evenly distributed across the province, and with data for 1950 to 2008, were used to evaluate this patching IDW approach at daily and dekadal time steps. Coefficient of determination (r 2 ), mean absolute error (MAE) and mean bias error (MBE) were the statistics used in the assessment. Firstly, the study conducted a sensitivity analysis of the IDW exponent (p) which showed that the best results are obtained when p is either 2 or 2.5. The estimated values at all six stations were highly correlated with the measured rainfall data with an overall r 2 value exceeding 0.70 for both daily and dekadal estimates. MAE showed low miscalculations with values with an average of 1 mm per day and 4.4 mm per dekad. MBE was very low for both daily and dekadal evaluations but the disaggregated data showed underestimation of the IDW mostly for daily rainfall exceeding 10 mm. Thus, IDW methodology proved to be an acceptable approach for estimating both daily and dekadal rainfall in the Free State Province.
INTRODUCTION
Measuring and archiving of different weather elements like rainfall, temperature or humidity is an important exercise. Long-term meteorological data can be used to influence decisions in different sectors including agriculture, aviation, hydrology and engineering. Accurate and complete climatological data is important for the successful design and operation of natural resource management systems (Gyau-Boakye and Schultz, 1994; Jeffrey et al., 2001) . Weather data in South Africa dates back to the 1800s with rainfall being the most common element measured. There are a few stations around the country which recorded temperature, humidity and wind in the early 1900s but the number increased significantly from 1950 onwards. With the improvement in technology, automatic weather stations were introduced in South Africa in the 1990s and this helped to address shorter time-scale measurements like minute or hourly values. Increased frequency of measurements means better climate monitoring and understanding of weather occurrences with a life-cycle shorter than 1 day.
Regardless of the technology used to take the recordings, whether manual measurements or the use of electronic sensors, some of the data stored will be either faulty or missing. The gaps in the meteorological archives are caused mainly by absence of observers, vandalism, loss of records, data contamination, data-processing errors, effects of natural disasters like tornadoes or human-induced factors like wars, lack of funds for replacing broken instruments as well as instrument malfunctioning (Tang et al., 1996; Elshorbagy et al., 2000; Smithers and Schulze, 2000; Kim and Ahn, 2009; Villazón and Willems, 2010) . Faulty data is mainly caused by observer's negligence, uncalibrated sensors and faultiness of the electronic sensors.
Missing or faulty climate data have to be estimated in order to provide a complete dataset, especially for modelling purposes. The accuracy of the estimations is dependent on a number of factors including the closeness of the stations used and the location of the patching stations in relation to barriers like mountains. There are three main techniques for estimating missing meteorological data, namely, empirical methods, statistical methods and function-fitting methods (Xia et al., 1999) . The application of patching methods is dependent on the length of the gap, the season, climatic region, density of stations, and the characteristics of the data archived (Gyau-Boakye and Schultz, 1994) .
There are a number of methods used to estimate missing rainfall values. The widely-used patching methods include: closest station, simple arithmetic averaging, inverse distance weighting, multiple regression and normal ratio (Tang et al., 1996; Makhuvha et al., 1997; Xia et al., 1999; Xia et al., 2001) . In utilizing the closest station method, the nearest weather station with data corresponding to the period of concern is identified and missing values are either replaced directly by the value at the neighbour station or adjusted by a factor from the ratio of long-term means between the two stations (Xia et al., 2001) . In simple arithmetic averaging, the missing data are obtained by arithmetically averaging data of the 2 to 5 closest weather stations around a station (Tang et al., 1996; Xia et al., 1999; De Silva et al., 2007) . Inverse distance weighting utilizes the distances from the target station of 2 to 5 neighbour stations, giving more weight to data from the nearest weather station (Tang et al., 1996; Xia et al., 1999; De Silva et al., 2007; Chen and Liu, 2012) . The multiple regression model employs step-wise regression to determine the coefficients for all the significant neighbour stations (Makhuvha et al., 1997; Xia et al., 1999) , while the normal ratio method utilizes the correlation between the neighbour and target station as well as the number of paired datasets as the weight in 467 estimating values at the target station (Tang et al., 1996; De Silva et al., 2007) .
The study aimed to evaluate the use of the inverse distance weighting (IDW) method of estimating rainfall as a possible means of patching missing or faulty rainfall measurements. The method was chosen based on recommendations by Chen and Liu (2012) in a study carried out in Taiwan which yielded a high correlation between measured and estimated values. De Silva et al. (2007) compared the normal ratio, arithmetic averaging and inverse distance methods and concluded that the IDW method performed better than the other two methods in estimating rainfall in all the climate zones of Sri Lanka. Studies by Tang et al. (1996) also revealed that the IDW method has the potential of estimating missing rainfall values with minimum inaccuracy.
METHODOLOGY
The study investigates the use of the IDW method for estimating daily and dekadal rainfall in the Free State Province of South Africa. This is a deterministic estimation method where values at unsampled points are determined by a linear combination of values at known sampled points (Collins and Bolstad, 1996) . It employs Tobler's Law by estimating unknown measurements as weighted averages over the known measurements at nearby points, giving the greatest weight to the nearest points (Collins and Bolstad, 1996; Longley et al., 2001; Oluoch et al., 2013) . More specifically, IDW assumes that each measured point has a local influence that diminishes with distance and weights change according to the linear distance of the samples from the unsampled point (Li and Revesz, 2004) . The spatial arrangement of the samples does not affect the weights (Collins and Bolstad, 1996) . The weighting function is the inverse of the distance to the given exponent, so that the predicted value for a site is given by:
;
where: w(x,y) is the predicted value at location (x,y) , N is the number of nearest known points surrounding (x,y), λ i is the weight assigned to each known point value w i at location (x i ,y i ), d i is the Euclidean distance between each (x i ,y i ) and (x,y), and p is the exponent, which influences the weighting of w i on w (Li and Revesz, 2004) .
If Eq. 1 is used to determine w at a location where w has already been measured it will return the measured value, because the weight assigned to a point at zero distance is infinite; for this reason IDW is described as an exact method of interpolation because its interpolated results honour the data points exactly (Longley et al., 2001) . The IDW derived value is an average and it always returns a value that is between the limits of the measured values, i.e., no point in the interpolated surface that is more than the largest measured value or less than the smallest value (Longley et al., 2001) .
To assess the method of patching rainfall over the Free State Province, 6 weather stations that are evenly distributed over the province were selected. The other criteria for selecting the stations were based on the percentage of missing data, which had to be less than 10%, and the selected stations were also required to have over 20 years of data records. Table 1 shows geographical information for the target stations while Fig. 1 shows the spatial distribution of all the weather stations in the Free State Province.
Daily rainfall data was obtained from the Agricultural Research Council -Institute for Soil, Climate and Water (ARC-ISCW) Agrometeorology database and the South African Weather Service (SAWS).
Before using the IDW methodology of patching, the accuracy of the method must first be tested. This was done by estimating daily rainfall data for the entire data range for each of the stations in Table 1 using Eq 1. A minimum of 2 and maximum of 5 nearest weather stations with data on that particular day of estimation were used. The methodology also considered only nearby stations within a 50 km radius of the target station ( Table 2) .
Sensitivity of the exponent (p)
To assess the sensitivity of the exponent (p) of the IDW equation, rainfall estimates were computed for p values ranging from 1 with an increment of 0.5 to 5. Results for each of the p values per target station were compared with observed rainfall data using coefficient of determination (r 2 ), mean absolute error (MAE) and mean bias error (MBE). The values were ranked by assigning the lowest rank on the value that resembles the observed data. For the r 2 , the lowest rank was assigned to the exponent that results in the highest correlation. Ranking for the MAE and MBE was done in such a way that the lowest absolute value was assigned the lowest ranking value. An average of all the rankings was then obtained for stations and all the exponents, to determine exponents that result in good estimation of observed rainfall based on r 2 , MAE and MBE.
Evaluation of estimation of rainfall at different thresholds
The accuracy of estimates was also determined for low rainfall values (below 5 mm), 5-10 mm, 10-15 mm, 15-20 mm and for high rainfall values exceeding 20 mm. Estimated values in days when observed values were at the stipulated thresholds were then compared with measured values using the MAE and MBE.
Statistical analysis
To analyse the performance of the methodology used at each climate station, both daily and dekadal (10-day basis) values were utilized. In crop water modelling, dekadal time steps can be used to assess rainfall effects on crop production (Araya and Stroosnijder, 2011; Moeletsi and Walker, 2012) . Daily values were aggregated to dekadal values. The first 10 days of the month are grouped as the 1 st dekad of the month, the second 10 days (11-20) as the 2 nd dekad and last 8 to 11 days (depending on the month and year) as the 3 rd dekad of the month. The estimated 
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Sensitivity of the inverse distance weighting exponent
Estimation of rainfall using IDW with exponents starting from 1 to 5 resulted in varying rankings across all the weather stations (Table 3) . Rankings for r 2 are lower for exponents between 1 and 2.5 while high values are evident for exponents between 3 and 5. This indicates that estimating daily rainfall with the IDW equation assigning extremely high weights to the closest stations results in values that are less correlated to the measured data. The rankings for the MAE are low for exponents between 2 and 3.5 while the other exponents have relatively high rankings. Rankings for the MBE did not show any pattern across all the exponents. The average ranking of the r 2 , MAE and MBE of the different exponents of the IDW equation and all the weather stations is lowest for both 2 and 2.5, with a value of 4.22 for both exponents. The results are contrary to the findings of Chen and Liu (2012), who obtained highly variable optimal exponents. Lowest value denotes top ranking and best estimator as compared to the observed values. The other high-ranked exponents are 1.5, 1 and 3, with average rankings of 4.56, 4.72 and 4.72, respectively. Sensitivity analysis of the exponent of the IDW equation showed the optimal values as 2 and 2.5, and thus for the remainder of the paper the exponent of 2 will be utilized to determine the accuracy of the IDW method in estimating measured rainfall values at the selected six weather stations in the Free State Province.
Performance of daily estimations against measured values
Coefficient of determination (r 2 ) for the comparison of daily measured rainfall and inverse distance weighting estimated values varied from one location to another (Fig. 2) (Yakir and Morin, 2011; Blamey and Reason, 2013) .
Mean bias error (MBE) for estimated daily rainfall as compared with measured data has a slight negative bias with an average of −0.08 mm (Table 5 ). All the stations recorded a negative bias of magnitude less than 0.1 mm with the exception of Hertzogville with −0.17 mm. The results differ from findings in a study by Bennett et al. (2007) , whereby the IDW method resulted in both negative and positive MBE with magnitude ranging from −0.05 to 0.25. Low bias error is an indication of good performance by the IDW method in estimating daily rainfall. Disaggregated data shows a slight positive bias for measured rainfall of 5 mm or less with an average of 0.32 mm, implying that IDW tends to overestimate daily rainfall for low rainfall values. All the other measured rainfall categories show negative bias indicating underestimation of the IDW method in estimating rainfall exceeding 5 mm. Average biasness is 1.27 mm, 3.68 mm, 4.68 mm and 12.72 mm for 5-10 mm, 10-15 mm, 15-20 mm and greater than 20 mm, respectively. In the upper end of all of the categories, performance of the IDW method at Frankfort, Hertzogville, Oukraal and Welkom is relatively poor as compared to Bethlehem and Bloemfontein.
Performance of dekadal estimations against measured values
The results of the coefficient of determination (r 2 ) for the comparison of the measured dekadal rainfall and the estimated dekadal rainfall for the entire dataset are high at all the stations (Fig. 3) Looking specifically at the correlation of this method within different months, one can see a lot of variation in r 2 for dekadal estimates from month to month and per station (Table 5) . The values are still mostly above 0.70 in all the months for all the stations, indicating a good performance with few exceptions. On average the r 2 statistic ranges from 0.71 to 0.88 and in 10 out of 12 months the average exceeded 0.75. Bloemfontein shows consistently high values with all the monthly correlations Dekadal MAE values show a lot of spatial and temporal variability over the Free State. Small MAE values were obtained in the winter months due to the low rainfall received, while in the other months the MAE values were relatively large (Table 6 ). Bethlehem, Bloemfontein and Oukraal show low error with MAE of less than 10 mm/dekad for all of the months. In Frankfort, Hertzogville and Welkom the errors obtained exceed 10 mm/dekad mostly in December to March while in other months there is a relatively low error of less than 10 mm/ dekad. On average the MAE is below 5 mm/dekad. MBE for dekadal measured rainfall versus dekadal IDW estimated values is mostly negative over all the months and stations denoting a tendency of underestimation (Table 6 ). The magnitude of underestimation is mostly less than 3 mm per dekad with winter months recording MBE of less than 0.2 mm in absolute terms whereas summer months show values exceeding 1 mm/dekad in magnitude.
The results obtained in evaluating the IDW method's capability for correctly estimating measured rainfall are in line with the findings by Xia et al. (1999) , Bennett et al. (2007) and Teegavarapu et al. (2009) , which show that IDW estimates rainfall well and is a recommended method of filling in the missing rainfall data. According to these researchers, the method performs best if the density of the stations is high. Similarly, the results also showed relatively lower accuracy at stations like Hertzogville, Oukraal and Frankfort which had distant , which makes it an ideal area for using the IDW method. The only constraint is the varying climate data length and period of recording. Even though IDW is a good estimator of daily rainfall, the number of rainy days increased by 5% to 29% with an average of 17% over the Free State. This is mainly attributed to the localized nature of the rainfall in the region: there are few days of rainfall from stratified clouds which mostly cover a large area, with the rain coming mainly from convective clouds which are generally enhanced by local conditions.
CONCLUSION
The accuracy of the inverse distance weighting (IDW) method of estimating daily and dekadal rainfall in the Free State study area was evaluated using 6 selected stations. The coefficient of determination (r 2 ) for estimated rainfall versus observed rainfall for all the stations shows a good correlation, while mean absolute error (MAE) and mean bias error (MBE) values were low. This is an indication that the IDW method performs well and is thus recommended to fill in the gaps in rainfall data in the Free State Province of South Africa.
